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Abstract 
This paper explores the potential of a vertical garden to function as an active evaporative cooling air conditioning unit. It builds 
on previous work by Davis, Ramirez and Vallejo [1]. This study shows the results of a full scale, building incorporated vertical 
garden that measured 1.5 m wide by 2.8 m high. Air flowed behind the garden substrate, where it was cooled and humidified as it 
flowed down the back of the garden through its contact with the humid surface. The experimental results were compared to the 
mathematical model developed by Davis and Hirmer [2]. Overall, it was suspected that variations in ambient temperatures during 
the measurements taking process had a major influence on the results. In taking the data considered most reliable into account 
however, the results of the mathematical model end experimental data were within 0.44 °C. The results indicate that such gardens 
show great promise for building climate control, but where further research is needed in order to mitigate the influence of 
fluctuations in ambient temperatures.  
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1. Introduction 
The Paris Accord recognizes the need to restore natural habitats and prevent deforestation: “Parties are 
encouraged to take action to implement and support…enhancement of forest carbon stocks” [3]. Additionally, the 
world is becoming increasingly urban, where Latin America in particular almost doubled its percentage of 
urbanization from 41.4% to 75.3% between 1950 and 2000 [4]. Furthermore, the growth of cities worldwide is 
coupled with a decrease in vegetation, which then exuberates increases in temperature due to the creation of urban 
heat islands [5]. The ambient temperature differences between urban and non-urbanized areas have for example been 
shown to be up to 15ºC [6]. Building incorporated vertical gardens play an important role in mitigating this by 
reducing the heat transfer between a building and the surrounding environment, as well as providing protection from 
solar irradiation [7]. Additionally, being in contact with plants has many benefits. First, they filter Volatile Organic 
Compounds from the air through microbial activity in the root system [8]. Second, the leaves capture and retain 
particle pollutants from the air [9]. Third, people feel better, are more productive, suffer less stress and have an 
increased sense of wellbeing [9] [10] [11]. Finally, vegetation tends to increase levels of comfort [11]. The increase 
in comfort levels is due to evapotranspiration processes, where the energy required to evaporate and transpire water 
translates to a decrease in temperature. The water evaporation also increases ambient relative humidity levels. The 
proposal for vertical gardens as air conditioning units makes use of this phenomenon, where the airflow is directed in 
such a manner that it is cooled and humidified. Davis and Ramirez [12] put forward that there were three possible 
manners by which this could be brought about: a) by flowing air over the foliage of the plants in the vertical garden, 
b) by forcing air to flow through the vertical garden substrate, and c) by having the airflow behind the garden. 
Method a) was found not to work [12]. Subsequent work by Davis, Ramirez and Vallejo [1] also showed method b) 
to be ineffective. Overall it was found that method c) showed the most promise, but where further research with a 
full size, building incorporated garden was required. By forcing air to flow in the space behind the garden, between 
the substrate and the surface onto which the garden is fixed, the air is cooled and humidified through its contact with 
the humid substrate [1]. This is shown in Figure 1. As such, the vertical garden acts as an evaporative cooler, which 
is argued by ASHRAE to be a low energy alternative to traditional air conditioning units in hot, dry climates [13]. 
 
 
 
 
 
 
 
 
 
 
Fig. 1. The most promising method to activate a vertical garden as an evaporative cooling unit for air conditioning 
2. Vertical gardens as air conditioning units 
Davis, Ramirez and Vallejo [1], used the theory developed by Davis and Hirmer [2] to explore the performance 
of a full size, building incorporated vertical garden. A modified version of the FAO-56 Penman Monteith Equation 
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of Allen et al [14] was used to predict the evaporation of water vapour from the humid substrate into the air flowing 
over the back of the vertical garden. The equation used was: 
 
 
       (1) 
 
Where: 
ETsubstrate= the evaporation from the substrate at the back of the vertical garden [kg s-1] 
γ  = psychometric constant [kPa °C-1]. 
T = mean air temperature [°C] 
U0 = air velocity at the substrate surface [m s-1] 
es  = mean saturated vapour pressure [kPa] 
ea  = mean daily ambient vapour pressure [kPa] 
 
With the water evaporation determined, it is then possible to calculate the difference in temperature: 
 
 
         (2) 
 
Where: 
∆T = decrease in temperature [˚C] 
ETsubstrate= the evaporation from the substrate at the back of the vertical garden [kg s-1], from (1) 
λ   = the latent heat of water [J kg-1] 
Q  = the mass air flow rate of the air behind the vertical garden [m3 s-1] 
ρ = air density [kg m-3] 
c = the specific heat of air [J kg-1 ˚C-1] 
 
By then assuming conservation of mass for the air taken in, flowing down the back of the wall and then expelled 
by the ventilators, a cooling power for the vertical garden as an air conditioning unit can be determined. 
3. The vertical garden 
For this paper a vertical garden was built that was 2.8 m high and 1.5 m wide. The garden was incorporated into 
the building of the Faculty of Arquitecture, Design and Arts of the Universidad Católica of Ecuador. It was built 
using a modular system, where each garden module was 0.45x0.45 m with a thickness of 10 cm. The modules 
consisted of a steel mesh with 5 cm apertures, and were filled with a substrate mixture of potting soil, coco chips 
and sphagnum moss. The modules were hung on a metal supporting structure attached to the building. The substrate 
mixture ensured that a) the garden was able to retain moisture, b) the modules were lightweight, and c) no 
hydroponic system was needed as the substrate contained nutrients for the plants. The substrate was held in a fine 
mesh inside the steel mesh to avoid loss of fine grains.  The garden was 3 modules wide and 5 modules high, using a 
total of 15 modules. A mixture of herbal and other plants were used, but where given that the air flowed behind the 
garden substrate it should be noted that it had no contact with the vegetation of the garden. The plants were therefore 
assumed to have no influence over the cooling. Additionally, the spaces between the modules were sealed to ensure 
air would only flow behind the garden. The air cavity behind the garden was 5 cm wide. The garden had an aperture 
at the top that served as an air intake, where air then flowed behind the modules and was expelled through a series of 
5 ventilators into the building interior. For the purposes of this research, a second system of ventilators was installed 
without any garden, in order to provide a control set of results to compare those of the vertical garden to. 
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a)  b)  c)  
Fig. 1. (a) vertical garden installed; (b) ventilators behind vertical garden; (c) control ventilators 
4. Methodology 
Before any measurements were taken, the garden was watered as to ensure that the substrate was saturated. This 
was verified through the use of a humidity measurement gardening tool (Figure 2.a). This having been established, 
the following procedure was followed for the measurements of air temperature, relative humidity and air velocity: 
 
1. A measurement was taken of the ambient air temperature and humidity levels, approximately 3 m away from the 
vertical garden. 
2. Air temperature and humidity was measured at 3 locations at the air intake. 
3. Four recordings of air temperature, relative humidity and air velocity were taken at the top, bottom and either 
side of each of the ventilators. 
4. Ambient measurements of air temperature and humidity were taken once again, approximately 3 m away from 
the vertical garden. 
 
The air velocity was required for the mathematical model, in order to compare the theoretical results to the 
experimental ones. A similar procedure was followed for the control measurements of the ventilators without the 
garden, but where only steps 1, 3 and 4 were taken. The apparatus used and measurement locations are shown in 
Figure 2. a to g. 
 
a) b) c) 
d) 
e) 
f) 
Fig. 2. (a) humidity meter; (b) air temperature and relative humidity meter (Themohigrometro EL-USB-2-LCD); c) air velocity meter (Termo 
anemómetro PCE-009); d) e) & f) measurement locations of air temperature and humidity at air intake; g) locations of measurements taken of air 
temperature, humidity and velocity at ventilators 
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5. Results 
5.1. Control measurements 
Figure 3. shows the results for: 
 
• Ambient temperature and relative humidity measurements before and after the measurements at each of the 
ventilators where the air was expelled. 
• The average air velocities determined for the airflow from the 5 ventilators. 
• The average temperatures and relative humidity for the airflow from the 5 ventilators. 
 
Table 1. then shows the overall average results. 
a) b) c) 
Fig. 3. a) Ambient temperature and relative humidity measurements before and after the measurements of the ventilators; b) 
Average air velocities determined for the airflow from the 5 ventilators; c) Average temperatures and relative humidity for 
the airflow from the 5 ventilators 
Table 1. Overall average results for the control ventilators. 
 Average Temp 
[°C] 
Average RH [%] Average air 
velocity [m/s] 
Overall averages from the ventilators 23.5 52.0 5.7 
Overall averages for ambient measurements 24.6 53.1 N/A 
5.2. Vertical garden measurements 
Figure 4. shows the results for: 
 
• Ambient temperature and relative humidity measurements before and after the measurements at the vertical 
garden intake and at each of the ventilators where the air was expelled. 
• The temperature and relative humidity levels for the incoming air at the intake of the vertical garden. 
• The average air velocities determined for the airflow from the 5 ventilators. 
• The average temperatures and relative humidity for the airflow from the 5 ventilators. 
 
Table 2. then shows the overall average results 
 
a) b) 
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c) d) 
Fig. 4. a) Ambient temperature and relative humidity measurements before and after the measurements of the incoming air at the intake of the 
vertical garden and the air expelled from the ventilators; b) Temperature and relative humidity levels for the incoming air at the intake of the 
vertical garden; c) Average air velocities determined for the airflow from the 5 ventilators from the vertical garden; d) Average temperatures and 
relative humidity for the airflow from the 5 ventilators 
Table 2. Overall average results for the vertical garden. 
 Average Temp 
[°C] 
Average RH [%] Average air 
velocity [m/s] 
Overall averages from the ventilators 22.85 58.85 4.16 
Overall averages fro the air intake 28.93 43.67 N/A 
Overall averages for ambient measurements 25.79 49.77 N/A 
 
5.3.  Theoretical results from the mathematical model 
The next step is to compare the theoretical results from the mathematical model of Davis and Hirmer [2], with the 
experimental results obtained. In the mathematical model the inputs were taken as the average temperatures and 
relative humidity measured at the garden intake. The results are shown in Table 3. 
Table 3. Theoretical Vs. experimental results 
 Mathematical model Experimental results 
Tin [°C] 28.93 28.93 
Tout [°C] 27.06 22.85 
ΔT [°C] 1.87 6.08 
RHin [%] 43.67 43.67 
RHout [%] 56.48 58.85 
ΔRH [%] 12.82 15.18 
 
6. Discussion of Results 
6.1. The problem of timing and reducing the lapse problem to obtain better results 
In both the control and vertical garden measurements, there were significant variations in air temperature over the 
time period the measurements were taken. It took approximately 8 minutes to go through the process of recording 
the ambient measurements, the measurement of the garden air intake, the measurements at each the ventilators 
where the cooled air was expelled, and again the ambient measurements. For example, for difference in the ambient 
readings before and after the rest of the measurements was 1.5 °C for the control, and 2.6 °C for the vertical garden. 
This is then reflected in the difference between the theoretical results from the mathematical model, and those found 
in reality. Whereas in theory the garden should have cooled the air by approximately 2 °C, in reality it was found to 
cool over 6 °C. On the one hand it could be concluded that the garden outperforms the theoretical model, and that 
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subsequent adjustments need to be made. On the other hand, it is argued in this paper that the experimental results 
were exaggerated by ambient temperature fluctuations, which that lead to an overestimated cooling capacity. 
One way that the uncertainty of temperature fluctuations can be reduced, is by taking the values of the last 
measurement from the garden intake and comparing these to the values of the first measurement from the ventilators 
where the cooled air was expelled. These measurements were taken one immediately following the other, and as 
such there is less risk of variation from ambient temperature fluctuations. These results are presented in Table 4., 
where they are then compared to the results from the mathematical model with the same values at the air intake. It 
can be seen that whilst the numbers are not exactly the same, the temperature differences are a mere 0.44 °C instead 
of the 4.21 °C found previously. It can therefore be concluded that the vertical garden shows promising cooling 
capacities that perform more or less in line with the mathematical model. Nevertheless, it would be recommended to 
repeat the research where a number of meters are installed in order to take simultaneous measurements of 
temperature and humidity. In this manner, the influence of ambient temperature fluctuations could be mitigated. 
Table 4. Improved experimental Vs. theoretical results 
 Mathematical model Experimental results 
Tin [°C] 27.50 27.50 
Tout [°C] 25.81 25.38 
ΔT [°C] 1.69 2.13 
RHin [%] 45.07 45.07 
RHout [%] 59.99 54.56 
ΔRH [%] 14.92 9.49 
7. Conclusions 
Vertical gardens are argued to have many benefits for urban environments: they battle an ever-decreasing level of 
urban vegetation, reduce the urban heat island effect and increase wellbeing. This paper studied building integrated 
vertical gardens that were activated as evaporative coolers, building on work by Davis, Ramirez and Vallejo [1] and 
Davis and Hirmer [2]. The vertical garden was full scale, at 1.5 m wide and 2.8 m high, was modular and used a 
lightweight substrate that mitigated the need for hydroponics. The garden was found to perform well overall, 
reducing the temperature of the incoming air. There was doubt in quantifying the exact results, due to variations in 
ambient temperature and humidity levels during the experimental readings. It is suspected that the most accurate 
results indicate just over a 2 °C cooling, whilst the mathematical model of Davis and Hirmer [2] calculate just under 
a 2 °C cooling capacity. It is suggested that further work in carried out where simultaneous measurements are taken 
to better quantify the cooling capacity of the garden. 
8. Recommendations for further research 
Given the variations found in ambient temperature and humidity levels during the time period the measurements 
were taken, it is recommended that a series of meters are placed to take readings simultaneously. In this manner, the 
influence of ambient variations in temperature and humidity could be mitigated. It is suggested that the meters are 
placed: 
• 3 m away from the vertical garden for ambient readings. 
• At the vertical garden air intake. 
• At the ventilators of the vertical garden exhaust. 
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